We observed 51 positions in the OH 1667 MHz main line transitions in the translucent high latitude cloud MBM40. We detected OH emission in 8 out of 8 positions in the molecular core of the cloud and 24 out of 43 in the surrounding, lower extinction envelope and periphery of the cloud. Using a linear relationship between the integrated OH line intensity and E(B-V), we estimate the mass in the core, the envelope, and the periphery of the cloud to be 4, 8, and 5 M ⊙ . As much as a third of the total cloud mass may be found in the periphery (E(B-V) < 0.12 mag) and about a half in the envelope (0.12 ≤ E(B-V) ≤ 0.17 mag). If these results are applicable to other translucent clouds, then the OH 1667 MHz line is an excellent tracer of gas in very low extinction regions and high-sensitivity mapping of the envelopes of translucent molecular clouds may reveal the presence of significant quantities of molecular mass.
Introduction
Most studies of molecular clouds have focused on the dense core regions where star formation is likely to occur (Blitz & Williams 1999; Bergin & Tafalla 2007) . The surrounding, lower density, outer regions are less often studied because of the significantly weaker molecular lines and lack of star forming potential. However, this outer region is key for understanding the atomic-molecular interface in interstellar clouds and, possibly, their origin from the surrounding atomic interstellar medium (ISM). A standard way to categorize the smaller molecular clouds (in contrast to Giant Molecular Clouds which have masses ≥ 10 4 M ⊙ ) was proposed by van Dishoeck & Black (1988) using visual extinction, A V , to break up clouds into diffuse (A V < 1 mag), translucent (1 ≤ A V ≤ 5 mag), and dark (A V > 5 mag) categories. Translucent molecular clouds are relatively easy to detect and map in the CO(J=1-0) transition and represent the vast majority of the high-latitude molecular clouds (Magnani et al. 1985, hereafter MBM) . In contrast to dark molecular clouds which have dense, opaque cores surrounded by lower density, lower extinction "envelope" regions, translucent clouds are mostly "envelope", at least in terms of spatial extent.
Translucent molecular clouds also differ significantly from dense, dark clouds in that translucent clouds are often not gravitationally bound. Consequently, their star-forming capability is either significantly less than that of dark clouds or, perhaps, non-existent (Hearty et al. 1999; McGehee 2008) . Moreover, the way they form from the atomic ISM is also likely to be different from dark clouds and Bok globules. Some recent ideas invoke formation mechanisms for translucent clouds via shear flows or in regions where two HI velocity components meet (Shore et al. 2003; Barriault et al. 2010a) . Thus, probing the atomic/molecular transition region is especially important for understanding the origin of translucent clouds.
Traditionally, the physical properties of molecular clouds are determined mainly by using the CO(1-0) line. Because of the mechanisms that destroy CO, it is possible that a regime of molecular gas exists where CO does not effectively trace the molecular content of the clouds -4 -(van Dishoeck & Black 1988; Magnani & Onello 1993; Wannier et al. 1993; Grenier et al. 2005; Douglas & Taylor 2007; Barriault et al. 2010b ). This regime is usually a region of very low dust column density surrounding the denser, more opaque cores, with the traditional threshold for sufficient obscuration to produce readily observable molecular lines in emission set at about A V ∼ 1 mag (van Dishoeck & Black 1988) . However, recent work (Chastain et al. 2006; Barriault et al. 2010a) indicates that the CO(1-0) line can be readily detected down to A V ∼ 0.3 mag. This is significant because it forces a revision in both models of photodissociation regions (PDRs) and in molecular mass estimates for molecular clouds, and it provides the capability to study spectroscopically the transition region between the molecular cloud and the surrounding HI flows (see, e.g. Wannier et al. 1993; Barriault et al. 2010a) .
Although the CO(1-0) transition is, historically, the one most commonly used to trace low-density, low-extinction gas, there are at least four other molecular and atomic species with transitions that have been used to trace gas at the edges of cloud cores in the so-called "envelope"
region of a molecular cloud: 1 (1) The 2 Π 3/2 OH ground state main lines at 1665 and 1667
MHz Wouterloot 1981; Liszt & Lucas 1996) ; (2) the 2 Π 1/2 CH ground state main line at 3335 MHz (Magnani & Onello 1993) ; (3) the ortho 1 10 -1 01 and para 2 20 -2 11 transitions of C 3 H 2 at 18.3 and 21.6 GHz (Cox et al. 1989) ; (4) the 3 P 1 → 3 P 0 fine structure line of atomic carbon at 492 GHz (Ingalls et al. 1997 ). All of these transitions have been proposed as potential tracers of H 2 in regions where the CO(1-0) line is not detectable (however, see Cotten & Magnani 2012 , who claim that CO(1-0) observations at higher sensitivity than the usual 0.1 -0.2 K rms can trace molecular gas in regions with A V as low as 0.3 mag). Of the low-density tracers apart from CO, the OH main lines are the easiest to observe; they are readily detectable 1 In terms of the PDR models of atomic-molecular cloud interfaces, we are talking about the region where the carbon transitions from being primarily in the form of CI to that of CO (see, e.g., Hollenbach & Tielens 1997 ).
-5 -in translucent molecular clouds (Magnani et al. 1988; Magnani & Siskind 1990; Barriault et al. 2010b) , OH is considered a precursor molecule to the formation of CO (e.g., Black & Dalgarno 1977) , and thus from chemical considerations may be abundant in regions where the CO/H 2 abundance is low.
Previous CO(1-0) maps of MBM40 have focused primarily on the relatively dense, wishbone-shaped core region (Shore et al. 2003) . In contrast, we studied the molecular envelope of this translucent cloud where the visual extinction is likely to be 0.3-0.5 mag (see below).
CO(1-0) observations of this region require integration times of at least 15-20 minutes per position to reach rms values sufficiently low to detect lines in the envelope of this cloud (Cotten & Magnani 2012, in preparation) . Moreover, the resolution of most millimeter wave, single-dish telescopes in North America is too high to allow systematic mapping of the extended envelope regions at sufficient sensitivity during typical observing runs. Observations of the CH and C 3 H 2 lines described above require very long integrations, and the CI 492 GHz transition is difficult to observe from the ground. Thus, for these reasons, we surveyed the two OH main-line transitions in the envelope region of the translucent cloud MBM40. By using these observations to estimate the mass in the envelope and periphery regions of MBM40 we can compare how much molecular mass is tied up there that is not well-traced by traditional CO observational techniques. We discuss the translucent cloud selected for this study, MBM40, in Section 2 and describe our OH observations in Section 3. In Section 4 we discuss the W(OH) -E(B-V) relationship, the mass of OH in the cloud, and the molecular mass of the core and outer regions. The conclusions are summarized in section 5.
The Translucent Cloud MBM40
MBM40 is a small (≈ 2 square degrees), low extinction (A V ≤ 3 mag) cloud located at ℓ = 37.6
• and b = 44.7
• that has been partially mapped in CO, 13 CO, CS, H 2 CO, CH and HI -6 -(see Shore et al. 2003, for references) . Figure Chastain et al. (2006) showed that there is a marked increase in CO(1-0) detections for high-latitude regions with E(B-V) ≥ 0.12 mag, so we divided MBM40 into three regions based on the E(B-V) maps by Schlegel et al. (1998, hereafter SFD) . The three regions: E(B-V) < 0.12 mag, 0.12 ≤ E(B-V) ≤ 0.17, and E(B-V) > 0.17, will be referred to as the "periphery", the "envelope", and the "core" respectively, throughout the rest of this paper. Of the roughly 2 square degrees that encompass the dust structure associated with MBM40, the periphery, envelope, and core regions cover 1.2, 0.61, and 0.20 square degrees, respectively.
Observations
Observations of the 18 cm ground state transitions of OH in MBM40 were made using the Robert C. Byrd 100 m radio telescope (hereafter GBT) in Green Bank, WV, during December 2 IRIS are the new generation of IRAS images which benefit from improved zodiacal light subtraction, calibration, and destriping (Miville-Deschênes & Lagache 2005).
-7 -2009 and January 2010. 3 The data were collected with the GBT using position switching with the "off" source position chosen to be between 1 and 2 degrees away from the "on" position, with exact locations based on the lowest emission region in the SFD-dust maps that allowed for slewing the telescope in azimuth only. All scans for a given position were averaged and a second order baseline was subtracted. A Gaussian curve was fit to each line, establishing values for the full width half maximum (FWHM), local standard of rest (LSR) centroid velocity, and peak temperature.
The spectra obtained from the GBT were produced using an autocorrelator spectrometer subdivided into four sections centered on the four 18 cm transitions at 1720.5300, 1667.3590, 1665.4018, and 1612.2310 MHz. However, given our integration times (typically half an hour per point) the satellite lines were so weak that they were not detected at all and even the 1665 MHz line had poor signal to noise for most lines of sight. Consequently, we focused our analysis only on the strongest line at 1667 MHz. 4 For each scan two circular polarizations were measured but were averaged to produce a single spectrum. The bandwidth of each spectrum was 12. Due to the long integration times needed to detect OH in low extinction regions, data from this work were combined with similar observations done by Wennerstrom (2007) in order to compile a larger data set for analysis. Figure 2 shows the SFD dust map for MBM40 overlaid with the positions of observations from this work (circles) and from Wennerstrom (2007) Table 1 where the first two columns give the R.A. and Dec of each observation in J2000 coordinates, while the next three columns list the peak antenna temperature, the LSR centroid velocity, and the FWHM from a Gaussian fit to the profile. Column six tabulates W(OH) 5 ; but if only one number is tabulated then that is the 1-σ upper limit of that specific observation. This upper limit is calculated by using the rms value of that specific observation as the temperature in conjunction with the average FWHM from all observations. The last column lists E(B-V) from the SFD database in magnitudes. The uncertainty in this quantity is ∼10% (Schlegel et al. 1998 ).
Analysis

W(OH) -E(B-V) Relation
In Figure 3 all the W(OH) detections from Table 1 are plotted versus their associated E(B-V)
value from the SFD database, and a line is fit to the data. Non-detections are also plotted as 1-σ 5 W(OH) = T R dv with units of K km s −1 .
-9 -upper limits. The beam size of the OH observations (6.2') is nearly identical to the resolution of the SFD E(B-V) data (6.1'). The E(B-V) value has been corrected for the dust associated with atomic hydrogen in MBM40. This was done using HI data from Gir et al. (1994) and E(B-V) data: 6 We used ASURV Rev. 1.2 ((LaValley et al. 1992) ) which implements the methods presented by ] (Isobe et al. 1986 ).
-10 -
Since there are no heating sources in MBM40, the SFD dust map of the region is very similar to the IRIS 100 µm map. Thus, a linear relationship will also exist between W(OH) and the 100 µm radiance, as was found by Barriault et al. (2010b) and Grossman et al. (1990) for other translucent clouds. If we convert E(B-V) H 2 to visual extinction using the standard value for the optical total to selective extinction, and W(OH) to N(OH), we derive the OH/H 2 abundance (see section 4.3). The slope of the relationship shown in Figure 3 falls squarely on the median value from a compilation of primarily translucent lines of sight by Crutcher (1979) (N(OH)/A V ≈ 8 x 10 13 cm −2 mag −1 ).
Using the SFD dust map, E(B-V) H 2 values were found for all the SFD data points located in the three regions defined in Section 2, and from that, average E(B-V) H 2 values were calculated.
We then used the relationship in Equation 2 to calculate an average W(OH) for the three extinction regimes (see Table 2 ). From this average W(OH) value, the area covered by each region, and the ratio of detections to observations, the total mass of OH in the cloud, M OH , can be calculated, as described in the next section.
The OH Column Density and Mass
To obtain a mass for MBM40 we need the distance to the cloud. Welty et al. (1989) used echelle spectra near the Na I D lines to set an upper limit on the distance of ≤ 140 pc. In 1993,
Penprase revised the distance of MBM40 to between 60 and 290 pc using Na I absorption of stars behind the cloud, and to 90 < d < 150 pc by using CH observations. This improved estimate over the work by Welty et al. (1989) was due to additional foreground stars used to obtain a lower limit to the distance of MBM40. For this work we have adopted a distance of 120 pc which allows us -11 -to calculate the cloud OH mass using:
where N(OH) is the average column density in cm −2 over the region, Ω is the solid angle covered by the region in question in square degrees, and d is the distance to the cloud in pc. For the column density, we use the formulation described by Wouterloot (1981) :
where T ex is the excitation temperature of the transition, ∆v is the FWHM of the line, and τ is the optical depth. In the optically thin approximation, the radiation temperature is related to optical depth by:
where T BG is the background temperature at 18 cm: 3.3 K (e.g. Barriault et al. 2010b ). Since we do not have an independent estimate of T ex , we determined N(OH) for three plausible values of T ex : 5, 10, and 20 K (Wouterloot 1981; Liszt & Lucas 1996; Harju et al. 2000) . N(OH) values ranging from 9.4 x 10 12 to 5.8 x 10 13 cm −2 were obtained for the three temperature estimates.
Average values of 1.2 x 10 13 , 2.1 x 10 13 , and 2.9 x 10 13 cm −2 for the periphery, envelope, and core regions, respectively, were found for T ex = 10 K, and the mass of OH at that excitation temperature in the periphery, envelope, and core was 1.4 x 10 −6 , 6.5 x 10 −6 , and 3.5 x 10 −6 M ⊙ , respectively. For the other values of T ex , the masses in the regions are shown in Table 3 . In all cases, the OH mass in the envelope is greater than that in the core.
The OH Abundance and Molecular Mass in the Three Regions
To go from the OH mass to the overall molecular mass of the cloud, we must determine the value of the OH abundance with respect to H 2 . One of the earliest comprehensive astrochemical -12 -models of translucent and diffuse molecular clouds with A V ranging from 0.1 -1 mag and T K from 50 to 100 K was by Viala (1986) , who found that the OH abundance with respect to H 2 varied from 3.8 x 10 −9 to 9.4 x 10 −9 . Another model by Nercessian et al. (1988) used the translucent cloud along the line of sight towards HD 29647 to calculate the OH abundance with respect to H 2 , and found that it varied from 2.6 x 10 −8 to 1.2 x 10 −6 depending on different heavy element depletions, cosmic ray ionization rates, and depth into the cloud. van Dishoeck & Black (1986) also calculated comprehensive models of diffuse and translucent clouds with 19 models where n H ranged from 250 to 1000 cm −3 and T K ranged from 20 to 100 K, yielding OH abundances ranging from 2.72 x 10 −9 to 1.7 x 10 −7 . Other OH abundance estimates were obtained for translucent clouds by van Dishoeck (1990) with values in the range 1.1 x 10 −7 to 2.3 x 10 −7
. Liszt & Lucas (2002) . Because past studies have indicated that the OH abundance in lower density molecular regions can vary widely (4 x 10 −9 to 1 x 10 −6 ), to determine the OH abundance in MBM40 we employ E(B-V) as a surrogate for N(H 2 ), and use our observations to provide N(OH). In this manner a direct estimate of the OH/H 2 abundance in MBM40 can be obtained.
The E(B-V) Method
We obtain average OH/H 2 abundances for the 3 regions by using the well-established relationship between H Total = 2N(H 2 ) + N(HI) and E(B-V) to determine H 2 (e.g. Bohlin et al. 1978) . The E(B-V) values used were found by averaging the SFD E(B-V) values for each region.
We can estimate N(HI) for the lines of sight that we observed by using the HI map of MBM40 -13 -from Gir et al. (1994) . In this manner we can determine N(H 2 ) and, with the results of the previous section, the OH/H 2 abundance (see Table 4 ). The periphery, envelope, and the core have average values for the OH/H 2 abundance 3.0 x 10 −7 , 1.1 x 10 −6 , and 1.2 x 10 −6 , respectively. We will use these values to go from the OH mass to the molecular mass.
The Total Molecular Mass of the Core, Envelope, and Periphery
Using the total OH mass of the cloud derived in Table 3 and the OH/H 2 abundance ratios from the previous section, we compute the total molecular mass of MBM40 for each region (see Table 5 ). Our results indicate that most of the mass of MBM 40 is contained in the envelope and periphery regions. The core may contain as little as 20% of the molecular mass of the cloud. The mass estimate for the core is actually an upper limit, since observations of the core in an optically thin line perforce include foreground and background envelope and periphery regions. For at least this cloud there is significant molecular gas contained outside of the regions mapped in CO using traditional "on the fly" mapping methods. If these results can be extrapolated to other clouds, then traditional CO(1-0) mapping of molecular clouds (i.e., with typical rms levels of 0.1 K) may not account for the bulk of the overall cloud molecular mass. This would be an important counterpoint to recent claims by Grenier et al. (2005) that half the molecular mass of the Galaxy may be "dark"
in the sense of not traceable by radio spectroscopic means when CO and HI 21cm observations are considered. Our estimates of the M H 2 for the core region of MBM40 compares favorably with that of Chastain (2008) who derived a mass of 11 M ⊙ from CO(1-0) observations.
Conclusions
High-sensitivity observations of the 1667 MHz OH line in the translucent cloud MBM40 enabled estimates of the molecular gas mass in its core, envelope, and periphery. Our focus was -14 -the low extinction regions (E(B-V) ≤ 0.17 mag) surrounding the CO-defined core region. From our analysis, we find that nearly half of the cloud's molecular mass may reside in the envelope region surrounding the core, and we find that nearly a third of the molecular gas may reside in the periphery regions of the cloud where E(B-V) is lower than 0.12 mag (equivalent to A V < 0.4 mag).
The core emission contains contributions from foreground and background gas in the envelope and periphery of the cloud. We have not attempted to correct the core mass for this so our results likely overestimate the contribution of the core to the overall cloud mass. The total molecular mass derived from our OH data is 17 M ⊙ which compares favorably with the mass derived by
Chastain (2008) Our results confirm that there is significant mass in the regions surrounding the CO core of this translucent cloud. These regions are often at extinctions that were previously thought to be too low to contain enough molecular gas column density to be detected by radio spectroscopic emission lines. Results similar to ours have been established using CO data for the Taurus clouds by Goldsmith et al. (2008) and by Liszt and Pety (2012) for diffuse clouds. If OH does trace the envelope regions of translucent clouds, in general, then extensive high-sensitivity OH surveys of nearby molecular clouds should be undertaken to determine how much mass resides outside the traditionally CO-mapped cores. Table 1 for line parameters. The intensity scale is in MJy/ster. b E(B-V) H 2 is the color excess associated with the molecular gas in the cloud. The contribution from dust associated with HI has been subtracted.
-25 - Table 3 . Total M(OH) for 3 regions in MBM40.
Region detection T ex = 5 K T ex = 10 K T ex = 20 K fraction (10 −6 M ⊙ ) (10 −6 M ⊙ ) (10 −6 M ⊙ ) Periphery 0.17 2.8 ± 3.3 1.4 ± 1.7 0.6 ± 0.7 Envelope 0.84 12.9 ± 4.2 6.5 ± 2.3 5.2 ± 1.7 Core 1.0 6.9 ± 1.6 3.5 ± 0.9 2.8 ± 0.7 Table 4 . OH/H 2 abundance ratio (10 −7 ) for 3 regions in MBM40.
Region T ex = 5 K T ex = 10 K T ex = 20 K Average Periphery 5.6 ± 3.4 2.3 ± 1.4 1.2 ± 0.7 3.0 Envelope 16.9 ± 4.7 8.5 ± 2.5 6.7 ± 1.9 10.9
Core 18.5 ± 3.9 9.6 ± 2.0 7.2 ± 1.5 11.8 -26 - 
